Abstract: Improving the sustainability of traditional resource-based cities in China has been a core issue and policy-priority for Chinese government to establish long-term ecological civilization, particularly for northeastern China which is recognized as a typical agglomeration area of resources cities. In this study, we establish a three-layer index system consisting of a comprehensive layer, systemic layer, and variable layer, and including 22 indicators which are grouped into economic, social and environmental subsystems. After that, the TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) method was applied to measure and rank the sustainability of the selected 15 typical resource-based cities in northeast China, and then a GIS (Geographical Information System) technique based on the software of SuperMap was applied to map the sustainability in terms of the spatial effects among these cities. The results reveal that a unilateral improvement of a subsystem did not mean an improvement or contribution to whole system. In detail, during the past 15 years from 2000 to 2015, the comprehensive sustainability of resource-based cities in Northeastern China shows a declining trend in the mass, and the sustainability of the economic subsystem shows increase; the sustainability of the social system remains stable, while the environmental subsystem shows decrease. These situations might result from policy interventions during the past 15 years, therefore, promoting the sustainability of resource-based cities needs a historical approach, which should focus on the coordinated development of its economic, social, and environmental subsystems.
Introduction
Improving the sustainability of traditional resource-based cities in China has been a core issue and policy-priority for Chinese government to meet the long-term ecological civilization, particularly for the northeastern China which is recognized as a typical agglomeration area of resources cities. In China, resource-based cities refer to those cities (including municipal-level cities and counties) where the local economy and leading industries of which mostly depend on the exploitation and primary processing of local natural resources, for instance, coal mining, oil, and forestry [1, 2] . Since 1949, the resource-based cities cumulative produced more than 52.9 billion tons of raw coal, 5.5 billion tons of crude oil, 5.8 billion tons of iron ore, and 2 billion cubic meters of timber, made a historic contribution for China to establish a complete industrial system and promote economic development [3] . Aiming to
Studied Cases
According to the Sustainable Development Plan for Resource-based Cities (2013-2020), there are 37 cities locate in Northeast China are defined as resource-based cities. In addition, among these 37 cities, 21 of them are prefecture-level cities, 9 of them are county-level cities, 3 of them are counties, and 4 of them are districts or economic development zones. However, considering the integrity, accessibility, and transparency of the research data which are required in applying TOPSIS method, 15 of the prefecture-level cities are finally selected as studied cases. Their locations are shown in Figure 1 and the brief profiles of these 15 cities are shown in Table 1 , respectively. Among these 15 cities, 6 of them are located in Heilongjiang and Liaoning province, respectively, and 3 of them are located in Jilin province. The main resources in these cities consist of oil, coal, natural gas, iron ore, magnetite, graphite, and molybdenum. For example, the Daqing city of the Heilongjiang province, which oilfield is among of the largest oilfields in the world and is China's largest, accounts for nearly 25% of China's oil production; however, the future oil production would decline from 41.6 million tons in 2007 to 8.0 million tons in 2060 [17] , and the Anshan city of the Liaoning province is one of the richest iron deposit areas in China, in which the iron ores discovered have been estimated to be more than 7 billion tons at <500 m [18] . Figure 1 . Location of the studied cities.
Methods

Methodology: TOPSIS
TOPSIS, is one of the most known classical multiple criteria decision making methods and was first developed by Hwang and Yoon [19] . It is based on the idea that the chosen alternative should have the shortest distance from the positive ideal solution and on the other side the farthest distance of the negative ideal solution [20] . In the field of multiple criteria decision making (MCDM) analysis which is concerned with structuring and solving decision and planning problems involving multiple criteria, besides TOPSIS, various available methods have been applied and developed for solving such problems, such as Analytic Hierarchy Process (AHP), Data Envelopment Analysis (DEA), Analytic Network Process (ANP), and Value Analysis (VA), and many of them are implemented by specialized decision-making software. For example, Wu et al. investigated and demonstrated the quantitative indicator from combination of ANP and Porter's five forces [21] , Quadros and Nassi employed the AHP method to present the criteria priorities on the decisions of transportation infrastructure investments in Brazil [22] , Javid et al. applied AHP to rank various on-road emissions mitigation strategies in the United States [23] , Park et al. applied AHP, ELECTRE III, PROMETHEE II, and Compromise Programming as MCDM techniques for investigating how the priority rankings for dam construction sites, and they found that selecting an appropriate MCDM technique is more important than the data generation method [24] . However, typically, there does not exist a unique optimal solution for such problems and it is necessary to use decision-maker's preferences to differentiate between solutions. Therefore, considering typical features such as clear and easily understandable geometric meaning, while simultaneously considering both best and worst points of view, and convenient calculation and implementation [25] [26] [27] , TOPSIS is a popular method for solving problems in decision making [28] , for example, in 2012, Behzadian et al. reviewed 266 scholarly papers from 103 journals since the year 2000, and they found that TOPSIS methodology has 
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TOPSIS, is one of the most known classical multiple criteria decision making methods and was first developed by Hwang and Yoon [19] . It is based on the idea that the chosen alternative should have the shortest distance from the positive ideal solution and on the other side the farthest distance of the negative ideal solution [20] . In the field of multiple criteria decision making (MCDM) analysis which is concerned with structuring and solving decision and planning problems involving multiple criteria, besides TOPSIS, various available methods have been applied and developed for solving such problems, such as Analytic Hierarchy Process (AHP), Data Envelopment Analysis (DEA), Analytic Network Process (ANP), and Value Analysis (VA), and many of them are implemented by specialized decision-making software. For example, Wu et al. investigated and demonstrated the quantitative indicator from combination of ANP and Porter's five forces [21] , Quadros and Nassi employed the AHP method to present the criteria priorities on the decisions of transportation infrastructure investments in Brazil [22] , Javid et al. applied AHP to rank various on-road emissions mitigation strategies in the United States [23] , Park et al. applied AHP, ELECTRE III, PROMETHEE II, and Compromise Programming as MCDM techniques for investigating how the priority rankings for dam construction sites, and they found that selecting an appropriate MCDM technique is more important than the data generation method [24] . However, typically, there does not exist a unique optimal solution for such problems and it is necessary to use decision-maker's preferences to differentiate between solutions. Therefore, considering typical features such as clear and easily understandable geometric meaning, while simultaneously considering both best and worst points of view, and convenient calculation and implementation [25] [26] [27] , TOPSIS is a popular method for solving problems in decision making [28] , for example, in 2012, Behzadian et al. reviewed 266 scholarly papers from 103 journals since the year 2000, and they found that TOPSIS methodology has been successfully applied globally to a wide range of application areas and industrial sectors with varying terms and subjects, mainly including supply chain management and logistics, design, engineering and manufacturing systems, business and marketing management, health, safety and environment management, human resources management, energy management, chemical engineering, water resources management, and other topics [29] . Recently, TOPSIS method has been applied in more subjects, for example, Çetinkaya et al. applied a GIS-combined TOPSIS method to identify and rank the potential refugee camp sites for southeastern Turkey [30] ; Morteza et al. employed the TOPSIS obtain final priorities for the investors in tourism industries to select the optimal tourism site in a fuzzy environment in the Integrated Coastal Zone Management in Iran [31] ; Dace and Blumberga applied TOPSIS as one of the three main approaches to compare the 28 European Union Member States with respect to the emission intensity of the agricultural sector [32] . However, the use of TOPSIS as a tool for the city comparison with respect to sustainability has not been reported in the literature reviewed by the authors.
The basic principle of TOPSIS is based on the concept that the chosen alternative should be as close as possible to the ideal solution and as far as possible from the negative-ideal solution. Generally speaking, firstly, the normalized matrix would be obtained when the impact of various indexes with different units is eliminated through related standardization processing method; and then both the optimal solution and the worst solution in each scheme will be found, based on the calculation of the distance of each alternative solution to the best as well as the worst solution. The basic steps of the TOPSIS method are as follows:
Build an evaluation matrix. Herein, m is the number of evaluation objects, n denotes index number, and x ij is the j index values of the i scheme. The formula for calculation is as follows:
In this study, different types of indicators are classified, divided into "efficiency index" and "cost index", and then the weight of each type of indicators is objective calculated by using the variation coefficient method. For efficiency index, a bigger value indicates more positive, while for cost index, a bigger value means more negative. The calculation formulas of normalization for efficiency index (Formula (2)) and cost index (Formula (3)) are as follows:
Herein, x max(j) denotes the maximum value of index j column, and x min(j) denotes the minimum value of index j column, while y ij indicates the evaluation value after the range of standardization, therefore the matrix Y is obtained after the standard treatment of the original data (Formula (4)).
Applying the coefficient-variation method (Formulas (5)- (8)) to determine the weight:
wherein, w j denotes the weight of each index, v j denotes the coefficient of variation of each index evaluation value, s j denotes the standard deviation, and y j denotes the mean value of the j index. Then, the main diagonal elements of the diagonal matrix are constructed by respectively, and then the weighted normalized matrix is obtained (Formula (9)), followed by the Euclidean distance calculation (Formulas (10) and (11)).
Herein, a j + represents the maximum value of the column j of a weighted normalized matrix, and a j − represents the minimum value of the column j of a weighted normalized matrix.
Finally, calculate the relative closeness to the ideal solution (Formula (12)), wherein C i is the relative closeness degree of each evaluation object, in other words, it represents the comprehensive evaluation value of the urban sustainable development ability of the i evaluation object. Obviously, C i ∈ [0, 1], therefore, when the TOPSIS value tends to 1, it indicates that the city's sustainability is stronger, and vice versa.
Index and Data Processing
The role of index system is to communicate the highlighted information regarding the key issues relevant for sustainability [33] , which make indicators have become the most commonly accepted approach in assessing sustainable development as they bring different meaning to different levels [34] , however, at present there is no single common recognized index system for measuring the sustainability at a city scale, because in most cases it links to the framework and model which was applied in the study [35] , therefore, just as Rametsteiner et al. argued, "the development of sustainability indicators is a process of both scientific 'knowledge production' and of political 'norm creation', and both components need to be properly acknowledged" [36] .
In this study, the index system was developed by combining the literature reviews regarding indicators investigation for measuring city sustainability (for example, Michael et al. [37] ; Wong [38] ; Ding et al. [39] , and UNEP SDGs [40] ) with their local conditions in northeastern China, such as the accessibility and transparency of the data, finally, a total of 22 indicators which are grouped into economic, social, and environmental subsystems were selected for TOPSIS analysis (Table 2) .
Data applied in this study were extracted from the Liaoning Provincial Statistical Yearbook Table 3 . 
Results
Calculation Results and Grouping
Based on the steps, fulmars and the indicator's weight we presented in Section 3, the comprehensive sustainability based on TOPSIS method of those 15 resource-based cities are calculated and then listed in Table 4 , and the results for the three subsystems are listed in Table 5 (economic subsystem), Table 6 (social subsystem), and Table 7 (environmental subsystem), respectively. In order to rank the sustainability of each city, the city's set is categorized as five levels-including extremely low, low, medium, upper medium, and high-by referring the uniform distribution function, as well as their maximum and minimum value from the TOPSIS results, in detail, the threshold value and its numerical interval are shown in Table 8 , the TOPSIS value should belongs to the interval (0, 1], and when the value tends to 1, it indicates that the city's sustainability is stronger, and vice versa. 
Comprehensive Sustainability and Ranking
Observed from the ranking perspective, the orders of the sustainability in these cities almost has no change, for example, the top four cities with high sustainability in 2000 are Daqing, Anshan, Fushun, and Panjin, and those in 2015 are Daqing, Panjin, Anshan, and Benxi. However, by comparing in details, 9 of them show a decline trend in sustainability, while six of them show an extreme slow increase (Figure 2 ), for example, compared 2015 to 2000, the TOPSIS-based sustainability of Anshan reduced about 42.5%, followed by Qitaihe (38.6%), and Daqing (38.0%), in contrast, the biggest jump, in Liaoyuan, only up 18.0%, followed by Baishan (12.9%) and Songyuan (11.4%). According to the grouping results (Figure 3 ), in 2000, there are two cities (Daqing and Anshan) belonging to the high group, eight cities belonging to the low group, and five cities belonging to medium group; in 2005, Daqing city degrades to the upper medium group and another two cities (Qitaihe and Huludao) from the medium group to the low group, and then in 2015, the situation is the same as in 2005, even though three cities (Qitaihe, Songyuan, and Baishan) upgrade to the medium group in 2010, but return to the low group again in 2015.
belonging to medium group; in 2005, Daqing city degrades to the upper medium group and another two cities (Qitaihe and Huludao) from the medium group to the low group, and then in 2015, the situation is the same as in 2005, even though three cities (Qitaihe, Songyuan, and Baishan) upgrade to the medium group in 2010, but return to the low group again in 2015. 
Economic Subsystem
The order of the TOPSIS-based sustainability regarding economic subsystem in these 15 cities almost has no change in year 2000, 2005, 2010 and 2015, for example, the top three cities with higher sustainability in 2000 are Daqing, Panjin, and Anshan, and this is exactly the same order as in 2015 (Figure 4) . In comparison for each city from the temporal perspective, 10 of them show various degree of increase, from 113.03% (Liaoyuan) to 9.95% (Huludao), and only Daqing city shows a decrease about 27.70%, and for the other four cities-Hegang, Shuangyashan, Qitaihe, and Jixi-they show an increase in 2005 and 2010 but decrease to almost the same level in 2015. From the spatial perspective ( Figure 5 ), in 2000, a total of nine cities (accounts 60%) belong to the extremely low group, five cities belong to the low group, and only one city (Daqing) belongs to the high group, while in 2015, Daqing city degraded to the medium group and three more cities including Panjin, Anshan, and Benxi upgrade to the medium group, and four cities-Songyuan, Fuxin, Liaoyuan, and Baishan-upgraded to the low group. Provincially speaking, except Daqing, all cities located in Heilong province remain at the same level of extremely low both in 2000 and 2015, and cities located in Jilin province upgrade one level from extremely low to low. 
Social Subsystem
Concerning the social subsystem from TOPSIS analysis, taking into account these 15 cities social sustainability in four years, that means, among the 60 sample-points (15 cities times 4 years), only 10 (accounting for 16.67%) sample-points' value are over 0.30, and 35 (accounting for 58.33%) samplepoints' value belonging to the interval of (0.20, 0.30] (medium group), and 15 (accounting for 25%) sample-points' value belong to the interval of (0.10, 0.20] (low group). Comparing the value of each city in year 2000 to that in year 2015, eight of them show various degree of decrease, from 58.92% (Anshan) to 8.37% (Hegang), and seven of them show increases to various degrees, from 51.31% (Jixi) to 0.96% (Yichun), even though some of these cities during the whole studied years show the phenomenon of first rose then descended ( Figure 6 ). From the spatial perspective, the social sustainability of the cities (except Daqing) in Heilongjiang province have been improved at least one level from extremely low to low or medium, and that for all the cities in Jilin province improved from extremely low in 2000 to medium in 2010, but then decreased to low in 2015; for Liaoning province, generally, that for cities jumped two levels from low in 2000 to upper medium in 2005, but then remain at medium in 2010 and 2015 (Figure 7) . 
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Environmental Subsystem
Environmental subsystem in northeastern China has degraded seriously from 2000 to 2015 (Figures 8 and 9 ). The TOPSIS-based analysis shows that, in 2000, there are nine cities (accounting for 60%) belong to the high group and the other six cities (accounting for 40%) belong to the upper medium group, but 15 years later, in 2015, only one city (Daqing) belongs to group medium and the other 14 cites (accounting for 93.33%) belongs to the low group. In details, Daqing city reduced two levels from high to medium, eight cities (Yichun, Hegang, Shuangyashan, Jixi, Fuxin, Fushun, Benxi, and Panjin) decreased three levels from high in 2005 to low in 2015, and the other six cities (Qitaihe, Songyuan, Liaoyuan, Baishan, Anshan, and Huludao) decreased two levels from upper medium to low. 
Discussions and Conclusions
Sustainability of cities is one of the most critical issues faced by humans, given that more than half of the world's population live in urban and rapidly urbanizing areas [44] . Human activities happening in cities have significant impacts on its sustainability, due to the high intensity of population mobility, energy consumption, waste emission, and resources exploitation [35] particularly for resource-based cities [45] . Currently, resource-based cities in China are faced with multiple economic, social, and environmental problems-such as resource depletion, unsatisfactory social welfare, and environmental pollution [46] -furthermore, after decades or even centuries of exploitation, natural resources such as minerals and coal are becoming exhausted, and their environmental pollution and ecological conditions are becoming worse [47] , therefore, to investigate the sustainability of resource-based cities is an important step for policy makers as well as other relevant stakeholders-such as the public, scientific community, and investors-to have a better understanding on this issue.
With regarding the sustainability in the 15 resource-based cities of Northeastern China, the TOPSIS-based analysis show that, during the past 15 years from 2000 to 2015, the comprehensive sustainability of resource-based cities in Northeastern China shows a decline trend in the mass, and this could be due to the "lock in" effects of resource-based cities [47, 48] . Specially, concerning on the three subsystems, it could be concluded that sustainability in the economic subsystem shows increase, remains stable in the social subsystem, and shows decrease in the environmental subsystem; furthermore, these situation might be resulted from the policy interventions during the past 15 years.
From 2000, the Chinese government started taking measures to improve resource-based cities. In 2001, Fuxin city was selected as the first pilot city under the program of economic transition for resource-exhausted cities in China, then in 2008, the State Council launched a document entitled with "Opinions on Promoting the Sustainable Development of Resource-Based Cities", with the objectives of establishing two main mechanisms: compensation mechanisms for resource exploitations and aid mechanisms for shrinking industries [49] , then the State Council announced the first list of the resource-based cities name including 12 cities, followed in 2009, the second list including 32 cities was announced, for those selected cities, they will receive special financial transfer payments from the central government for improving their public service capacity. Based on the lessons and experiences learned from the pilot projects in 2013, the State Council launched a consolidated plan of the Sustainable Development Plan for Resource-Based Cities (2013-2020), aims to improve the overall capacity of sustainable transition and development [3] .
Specially for northeastern China-one of the most famous industrial bases and a typical agglomeration area of resource-based cities-in October 2003, a remarkable document entitled with "Opinions on the Strategy of Revitalizing Northeast China and Other Old Industrial Bases" was promulgated by the Central Committee of the Communist Party of China and the State Council, and some resource-based-cities-related objectives were set up such as developing measures of compensation for resources exploitation and aid for shrinking industries, arranging special funds to support the transition and improving infrastructure [50] ; then the National Development and Reform 
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Specially for northeastern China-one of the most famous industrial bases and a typical agglomeration area of resource-based cities-in October 2003, a remarkable document entitled with "Opinions on the Strategy of Revitalizing Northeast China and Other Old Industrial Bases" was promulgated by the Central Committee of the Communist Party of China and the State Council, and some resource-based-cities-related objectives were set up such as developing measures of compensation for resources exploitation and aid for shrinking industries, arranging special funds to support the transition and improving infrastructure [50] ; then the National Development and Reform Commission launched the Plan of Revitalizing Northeast China in August 2007, in which promoting sustainable development of resource-based cities is taken as a key part. However, again, the main actions focused on the compensation for resources exploitation and industrial restructure [51] . From those policies, we found that the policy intervention these resource-based cities during the past years more focus on industrial re-structure with a bias towards to economic redevelopment, and lack of special policies regarding environmental protection and ecosystem conservation, and this would be the driving force behind why sustainability of the economic subsystem shows an increase while the environmental subsystem shows a decrease. For example, as the pilot resource-based city, Fuxin received 152 projects from the central and provincial governments, for developing new industries, changing the coal-based industrial structure and improving living standards of the local people [1] .
Promoting the sustainability of resource-based cities needs a historical approach, which should focus on the coordinated development of its economic, social, and environmental subsystem. TOPSIS results on the sustainability investigation on the 15 resource-based cities in northeastern China suggest that a unilateral improvement of a subsystem-for example, increased industrial investment or subsidies for the economic subsystem-did not mean an improvement or contribution to whole system, however, green investment should be considered for creating co-benefits [52, 53] . Moreover, in order to activate a sustainability policy that starts from a territorial observatory, the usefulness of assessment methods such as TOPSIS need to be further developed and applied to monitor the change over time of the indicators at the individual city level.
